In the present study, we compared the effectiveness of differentiation protocols and used RNA 33 sequencing (RNA-seq) to compare the transcriptomes of HL-60 and PLB-985 cells with published data for 34 human and mouse primary neutrophils. Among commonly used differentiation protocols for neutrophil-35 like cell lines, addition of dimethyl sulfoxide (DMSO) gave the best combination of cell viability and 36 expression of markers for differentiation. However, combining DMSO with the serum-free-supplement 37 Nutridoma resulted in an increased chemotactic response and cell surface expression of the neutrophil 38 markers FPR1 and CD11b without a cost in viability. RNA-seq analysis of HL-60 and PLB-985 cells before 39 and after differentiation showed that differentiation broadly increases the similarity in gene expression 40 between the cell lines and primary neutrophils. Furthermore, the gene expression pattern of the 41 differentiated cell lines correlated slightly better with that of human neutrophils than the mouse 42 neutrophil pattern did. Finally, we created a publicly available gene expression database that is searchable 43 by gene name and by protein domain content, where users can compare gene expression in HL-60, PLB-44 985 and primary human and mouse neutrophils. 45
Results 32 phagocytosis [8] [9] [10], as well as the myeloid differentiation process itself [11] . A second commonly used 78 cell line, PLB-985, was originally reported as being established in 1985 from a different patient [12] . 79 However, further characterization determined that PLB-985 is actually a sub-line of HL-60 [13] . PLB-985 80 cells have similar, but slightly different, properties from those of HL-60 cells, and they are used to study 81 processes including neutrophil ROS production [14] and chemotaxis [15] [16] [17] . These cell lines serve as 82 primary model systems, but even so, they do not fully recapitulate all neutrophil behaviors [18] [6] . 83 Important outstanding questions include to what degree the in vitro differentiated cells recapitulate 84 neutrophil gene expression, and what differences in gene expression exist that may affect particular 85 neutrophil behaviors. 86
Additionally, it is still not clear which of the commonly used reagents and protocols best induces 87 differentiation of HL-60 and PLB-985 cells into a neutrophil-like state. Dimethyl sulfoxide (DMSO), all-trans 88 retinoic acid (ATRA), and dibutyryl cyclic adenosine monophosphate (dbcAMP) are all commonly used to 89 induce differentiation [19] [12] [6] . While ATRA and dbcAMP are thought to regulate transcription through 90 cognate retinoic acid receptors and cAMP signaling, respectively, the mechanism for DMSO is much less 91 clear. DMSO may act by altering membrane permeability and microviscosity, by affecting synthesis of 92 nucleic acid and proteins, or by inducing changes in chromatin [20] [21] [22] . Additional reagents have also 93 been reported to improve the efficiency of differentiation. In particular, addition of caffeic acid (CA) [23] , 94 replacement of serum with the supplement Nutridoma [24] , and stimulation with the cytokine 95 granulocyte colony-stimulating factor (G-CSF) [25] have each been used to promote neutrophilic 96 differentiation in some contexts. 97
We wanted to address the above outstanding questions by first determining an optimal protocol for 98 efficient neutrophilic differentiation, and then characterizing gene expression in differentiated cells for 99 systematic comparison with primary neutrophils. Our study indicates that DMSO-based differentiation 100 achieves the best balance of neutrophil marker expression with high cell viability and function, and that 101 the use of Nutridoma can further increase cell surface expression of at least some neutrophil markers, 102 including the Formyl Peptide Receptor 1 (FPR1). Our RNA sequencing (RNA-seq) analysis of HL-60 and PLB-103 985 transcriptomes confirmed that differentiation markedly increases the correlation in gene expression 104 between the cell lines and human neutrophils, slightly exceeding the correlation between mouse and 105 human neutrophil gene expression. Finally, we organized our data, together with previously published 106 data, in a public neutrophil gene expression database that is searchable by gene name and by protein 107 domain content. This database will serve as a resource for the community for easy comparison of gene 108 expression in the cell lines versus human and mouse primary neutrophils, and as a reference for improving 109 gene perturbation strategies in neutrophil models. 110
111

Results and discussion
112
Comparison of commonly used differentiation protocols 113
Since neutrophilic differentiation is often associated with increased cell death, we set out to determine 114 which differentiation protocol produces the most highly penetrant differentiation while maintaining high 115 cell viability. We compared the most commonly used differentiation agents in PLB-985 cells by measuring 116 their ability to induce expression of neutrophil surface markers and reduce proliferation while maintaining 117 cell viability. Initially, we compared differentiation for 6 days with DMSO, ATRA (with 0.5% N,N-Dimethyl 118 formamide (DMF)) and dbcAMP [12] [26] [27] . 119
To assess differentiation, we measured both early and late differentiation markers. We chose CD11b 120 (Integrin Alpha M, ITGAM) as an early marker, since it begins to appear within three days of differentiation 121 with DMSO [28], and FPR1 as a late neutrophil differentiation marker since it is usually only detectable 122 after five or six days of differentiation. We measured both markers by flow cytometry, using a monoclonal 123 antibody against CD11b and a fluorescent peptide ligand for FPR1 (FLPEP). While undifferentiated cells 124 did not express CD11b or FPR1, a substantial percentage of cells expressed both markers when treated 125 with any of the three differentiation inducers (Figure 1a ). Treatment with either DMSO or ATRA caused 126 efficient expression of CD11b, while dbcAMP only induced a bimodal population for this early 127 differentiation marker ( Figure 1a ). FPR1 was induced with partial penetrance by all differentiation agents. 128
In each case, greater than 50% of cells expressed the receptor, but a sizeable fraction of cells with low or 129 undetectable receptor levels also remained ( Figure 1b and Table 1 ). 130
We measured the loss of cell viability by staining cells with the NucRed Dead 647 reagent, which binds to 131 DNA in cells with compromised plasma membrane integrity. While DMSO caused little if any apparent cell 132 death, ATRA and dbcAMP each resulted in about 50% inviability in the cell population ( Figure 1c and Table  133 1). We also monitored cell proliferation by counting viable cells using the trypan blue exclusion method. 134
All three treatments reduced proliferation, with dbcAMP acting the most rapidly ( Figure 1d ). However, by 135 day 6, the number of cells in the ATRA and dbcAMP conditions had markedly decreased, consistent with 136 high rates of cell death. These results also coincide with reports from the initial characterization of the 137 PLB-985 cell line [12] . 138 While our initial results indicated that DMSO is the most suitable agent for inducing neutrophil marker 139 expression without hampering cell viability, we wanted to explore variations of the protocol that might 140 further improve differentiation efficiency. We pursued combinations of DMSO, ATRA [29] and CA [23], as 141 these have been reported to improve differentiation. However, we observed increased cell death and 142 marginal improvement of FPR1 expression at best compared to DMSO alone (Table 1 ). In an attempt to 143 decrease cell death while still inducing differentiation [30], we limited induction with ATRA to 12h 144 followed by DMSO differentiation media for 5 days. However, the fraction of cells expressing FPR1 was no 145 higher than for DMSO alone (data not shown). 146 to that of non-differentiated cells ( Table 1) . Consistent with our FPR1 results, we observed that the 157 presence of Nutridoma in the differentiation media also increased the surface expression of CD11b ( Figure  158 2b). 159
Replacing serum with Nutridoma during differentiation increases FPR1 surface
Next, we wanted to determine if the increase in FPR1-expressing cells is correlated with a more general 160 increase in the functional maturation of the cell population. With this in mind, we tested two major 161 behaviors associated with neutrophilic differentiation: chemotaxis and oxidative burst. We used an 162 automated chemotaxis assay to measure the response of PLB-985 cells to a gradient of fMLF, an FPR1 163 ligand [26] . When cells were differentiated with DMSO supplemented with Nutridoma and 0.5% FBS, we 164 observed a statistically significant increase (approximately 30%) in the directional accuracy of chemotaxis, 165 validating the efficacy of this differentiation media (Figure 2c ). To quantify oxidative burst, we measured 166 the ability of PLB-985 cells to produce reactive oxygen species using the nitroblue tetrazolium (NBT) 167 reduction assay. Differentiation with DMSO alone induced more than 70% of the cells to reduce NBT, 168 meaning that they acquired respiratory-burst activity. When Nutridoma was added to the differentiation 169 media, an additional 15% of the cell population reduced NBT (Figure 2d ). 170
The presence of Nutridoma, rather than the absence of serum, is responsible for 171 increased FPR1 surface expression and chemotactic efficiency 172 We wanted to determine whether the increased FPR1 expression was due to the reduced serum levels or 173 a positive effect from the Nutridoma supplement. To test this, we titrated the FBS concentration in 174 differentiation media containing fixed concentrations of DMSO and Nutridoma. We found that most of 175 the increase in FPR1 expression was due to the presence of Nutridoma, and FPR1 expression depended 176 only weakly on the concentration of FBS. However, 0.5% FBS gave a slightly higher population of FPR1 177 positive cells (Additional file 1a), consistent with previous reports [24] . 178
Although the molecular components of Nutridoma are proprietary, we tested the cytokine G-CSF as a 179 candidate active component. G-CSF is a primary regulator of myeloid cell differentiation in humans, and 180 it has been shown to promote neutrophilic differentiation in vitro in some contexts [25] [32]. To investigate 181 whether it could be the factor in Nutridoma causing the cells to upregulate FPR1 expression, we 182 differentiated PLB-985 cells using DMSO combined with either Nutridoma or G-CSF [33]. However, based 183 on CD11b and FPR1 expression, G-CSF was not only unable to substitute for Nutridoma, but it actually 184 inhibited DMSO-mediated differentiation (Additional File 1b and 1c). 185 Based on the above results, we have adopted an optimized differentiation protocol with DMSO in media 186 supplemented with 0.5% FBS and 2% Nutridoma. 187
Transcriptional profiles of HL-60 and PLB-985 cells
Having validated an optimal differentiation protocol using DMSO and Nutridoma based on expression of 189 surface markers, we next wanted to compare global gene expression in myeloid cell lines to that of 190 primary neutrophils. While another group had previously compared gene expression in HL-60 cells 191 differentiated with either DMSO or ATRA using microarrays [34] , no analysis of HL-60 or PLB-985 cell 192
differentiation had yet been completed with the depth and precision that is now possible with RNA-seq. 193
To this end, we extracted total RNA from the cell lines before and after differentiation (as well as at two 194 intermediate time points for PLB-985 cells) and processed it for RNA-seq ( Figure 3a ). To account for 195 measurement noise and day-to-day variability, we repeated the RNA-Seq experiment on two independent 196 days separated by more than two months. For comparison, we collated raw datasets for primary human 197 previously published studies [41] . We re-analyzed these data sets along-side our own data using identical 199 parameters and normalization (see Methods for details, and Additional Files 2 and 3 for the full data set). 200
To compare human and mouse neutrophil transcriptomes, we restricted our analysis to the set of genes 201 mapped as homologs between the two organisms in NCBI's Homologene database [41] . We then 202 performed unbiased hierarchical clustering of the different transcriptomes using the Spearman rank 203 correlation coefficient as a similarity metric ( Figure 3b ). As expected, the human primary neutrophil 204 datasets clustered together, as did the mouse primary neutrophil datasets. The cell line datasets also 205 clustered together, with clear subclusters for differentiated and undifferentiated subsets. 206 To 211 compare the global change in transcription during differentiation, we plotted density-colored scatter plots 212 comparing primary neutrophil data for protein-coding genes to that of undifferentiated or differentiated 213 (with DMSO and Nutridoma) PLB-985 cells (Figure 4c ). The plots revealed a global increase in correlation 214 strength, with the bulk of points falling in a tighter more elongated cloud along the diagonal after 215 differentiation. 216
Differentiation results in a neutrophil-like gene expression pattern
As both differentiated human cell lines and primary mouse neutrophils serve as models for human 217 neutrophils, we asked which gene expression pattern correlates more strongly with that of human 218 neutrophils. While both expression patterns correlated more strongly with the human neutrophil data 219 than the undifferentiated cell line data did, we noted that the differentiated cell line data actually 220 correlated more strongly than the mouse neutrophil data (Figure 3b ). These results should be taken with 221 some caution, as there may be systematic differences due to different experimental protocols or 222 imperfect mapping of homologs. However, based on global gene expression, our study suggests that the 223 differentiated cell lines resemble human neutrophils as much, or even more so, than mouse neutrophils 224 do. We also noted that while we did see systematic differences between datasets collected by different 225 groups, these differences were generally small relative to the differences between cell types or 226 differentiation states. Indeed, every individual human neutrophil dataset correlated better with the 227 differentiated cell lines than it did with the mouse neutrophil datasets (Figure 3b ). 228 Misidentified Cell Lines (http://iclac.org/databases/cross-contaminations/). The RNA-seq data that we 264 generated for both cell lines allowed us to investigate this reclassification. We used the Genome Analysis 265 Toolkit (GATK) pipeline to call variant genotypes for each sample from our RNA-Seq raw data and from 266 the primary neutrophil data which could serve as a negative control [43] . As expected, we found identical 267 genotypes for replicate samples, and distinct genotypes for primary neutrophil data from different 268 donors. Consistent with previous reports, we also found identical genotypes for the PLB-985 and HL-60 269 cell lines (Additional File 6). However, even though they are genetically identical, our RNA-Seq data 270
Nutridoma affects gene expression during differentiation subtly, but consistently in HL-
indicates that there are reproducible gene expression differences between PLB-985 and HL-60 cells. 271
We conclude that PLB-985 is a sub-line of HL-60 with some differences in gene expression which may 272 make it better suited for some experimental investigations. 273
A searchable database of neutrophil and neutrophil-like cell line gene expression
274
A major goal of our study was to create an accessible database of gene expression for neutrophils and 275 neutrophil-like cell lines. Such a tool would allow researchers to assess the expression of gene families of 276 interest, or compare gene expression in cell lines to that in primary neutrophils to verify similarities or 277 identify key differences. To highlight how our compiled datasets can be used, we analyzed expression 278 levels of four sets of genes known to be important for neutrophil functions: cell surface receptors, proteins 279 involved in reactive oxygen production, guanine nucleotide exchange factors (GEFs) for Rho family similarity in gene expression of these gene sets between the cell lines and primary neutrophils, including 282 upregulation of chemoattractant receptors, oxidative burst-related genes, adhesion molecules, and other 283 neutrophil-associated genes (Figure 5a-d) . In contrast, related oxidase components and adhesion 284 receptors not associated with neutrophils remained lowly expressed (Figure 5b,d) . However, key 285 differences between the cell lines and primary neutrophils are also apparent. For example, the formyl 286 peptide receptor FPR1 is highly expressed in the cell lines, but expression of the IL-8 cytokine receptor 287 CXCR1 is lacking (Figure 5a) . Similarly, many GEFs including PREX1, ARHGEF2 (also known as GEF-H1), 288 VAV1, and ARHGEF6 (also known as alpha-PIX) are expressed at levels close to or equal to that found in 289 neutrophils. However, DOCK5 and PLEKHG3 are expressed at much lower levels. 290
Finally, to make our RNA-seq results easily accessible to other researchers, we published a comprehensive, 291 interactive database on our website (http://collinslab.ucdavis.edu/neutrophilgeneexpression/) ( Figure  292 5e). This database is searchable by gene id, symbol, or protein domain and can be sorted by expression 293 level in any of the cell types. In addition to our own RNA-seq data, we included published RNA-seq data 294 for primary human and Mus musculus (mouse) neutrophils, and links to mouse and Dictyostelium 295 discoideum homologs. D. discoideum is an amoeboid protozoan and a valuable model organism for the 296 study of chemotaxis and phagocytosis. This complete merged data set is also available as a table in 297 Additional File 7. 298 299
Conclusions
300
We first compared established differentiation protocols for myeloid cell lines, with a focus on maximizing 301 cell surface expression of neutrophil markers without compromising cell viability. Our study verifies that a DMSO-based differentiation protocol for HL-60 and PLB-985 cell lines gives superior differentiation and 303 cell viability relative to other common protocols, and indicates that addition of Nutridoma may be 304 preferable for studies of chemotaxis. Our RNA-seq data allowed us to generate a map of gene expression 305 in differentiated HL-60 and PLB-985 cells which could be combined with primary human and mouse 306 neutrophil data from the literature. We annotated this map, creating a database that is searchable by 307 gene name and by protein domain content to allow rapid interrogation of gene expression in neutrophils 308 and neutrophil-like cell lines. Our neutrophil gene expression database will be a valuable tool to identify 309 similarities and differences in gene expression between the cell lines and primary neutrophils, to compare 310 expression levels for genes of interest, and to improve the design of tools for genetic perturbations. as well as streptomycin (100 mg/mL) and penicillin (100 U/mL) (P/S)] at 37°C in a humidified atmosphere 323 with 5% CO2. Cell cultures were passaged two to three times per week, maintaining cell densities between 324 10 5 and 2x10 6 cells per ml. The cells were differentiated into a neutrophil-like state by culturing at an initial 325 density of 2 × 10 5 using one of seven media recipes: a) RPMI 1640 complete media supplemented with 326 1.3% DMSO for 6 days; b) RPMI 1640 media supplemented with 5% FBS, 0.5% DMF and 2 uM ATRA 327 (renewed on day 3 of the 6-day differentiation period); c) RPMI 1640 complete media supplemented with 328 750 uM dbcAMP for 6 days; d) RPMI 1640 complete media supplemented 1.3% DMSO and 2 uM ATRA for 329 6 days; e) RPMI 1640 complete media supplemented with 1.3% DMSO, 2 uM ATRA and 52 uM CA for 6 330 days; f) RPMI 1640 media supplemented with different FBS concentrations (0.5, 2, 5 or 10%), 1.3% DMSO 331 and 2% Nutridoma for 6 days; g) RPMI 1640 media supplemented with 0.5% FBS, 1.3% DMSO and 30 ng/ml 332 G-CSF for 6 days. was normalized using the "uniform genes" strategy of Glusman et al [46] . Briefly, a set of "uniform genes" 375 was defined as all genes with expression levels between the 50 th and 90 th percentile in all samples. A 376 scaling factor was computed for each dataset as the geometric mean of the expression levels of these 377 "uniform genes." Each dataset was then normalized by dividing by its own scaling factor and multiplying 378 by the mean scaling factor of the human datasets. Normalization, comparison and correlation of the 379 different transcriptomes, and hierarchical clustering of the data, was done using MatLab. Log base 10 380 expression values were calculated after normalization, and genes with zero read counts were assigned a 381 value of -4 to avoid infinite values. Hierarchical clustering was done using one minus the Spearman rank 382 correlation coefficient as the distance metric and average linkage. Pairwise Spearman rank correlation 383 coefficients were displayed in the cluster heatmap. 384
For our final data tables, we averaged the data over replicate samples using the geometric mean. For the 385 primary human and mouse neutrophil datasets, we first averaged the replicate measurement performed 386 by each laboratory group (note that the Thomas et al [37] and Wright et al [36] datasets are from the 387 same laboratory), and then averaged over the different laboratories to give equal weight to each lab to 388 account for potential lab-to-lab systematic differences. 389
For the density-colored scatter plots in Figure 4a , the averaged gene expression profiles were used. Only 390 protein-coding genes were included in the plot, based on NCBI's "Gene type" designations (18,976 genes) 391
[41]. Data for noncoding RNAs were much more variable, perhaps in part due to the polyA enrichment 392 step of our experimental processing. 393
For the cluster of gene expression profiles in Figure 3b , only genes mapped between human and mouse 394 as homologs in NCBI's Homologene database [41] were included. 395
Variant calling for genotyping was performed using the GATK pipeline and the GATK best practices 396 guidelines [43] . After variant calling, the genotype data was filtered to keep only loci with a read depth of 397 at least 10 in all samples and a quality score of greater than 100. Genotypes were then compared to 398 determine the fraction of loci with identical genotypes for each pair of samples. 399
Generation of the database. Normalized RNA-seq data (prepared as described above) was compiled into 400 a database using MySQL and published on our website (collinslab.ucdavis.edu). Dictyostelium discoidum 401 homologs were downloaded from InParanoid (http://inparanoid.sbc.su.se/cgi-bin/index.cgi). 
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